ABSTRACT. Pollen tube growth after selfi ng was studied in four almond (Prunus amygdalus Batsch) families derived from crosses between self-compatible ʻTuonoʼ and self-incompatible ʻFerragnèsʼ and ʻFerraliseʼ in both directions, in order to ascertain the phenotypic expressions of the different genotypes. A differential expression of self-compatibility was observed in the seedlings of the different families. The genetic self-compatible offspring of ʻFerraliseʼ showed a lower percentage of pistils with pollen tubes at the style base and a lower number of pollen tubes at the pistil base after self-pollination than those observed in the self-compatible offspring of ʻFerragnèsʼ. This low level of self-compatibility expression observed in some ʻFerraliseʼ seedlings may be due to the inbreeding present in ʻFerraliseʼ. As a consequence, caution must be taken in almond breeding to avoid the increase of inbreeding by the utilization of related parents and to diversify the sources of self-compatibility, at present mostly limited to ʻTuono.ʼ
Most commercial almond cultivars are self-incompatible, possessing a gametophytic self-incompatibility system (Socias i Company et al., 1976) , resulting in the arrest of pollen tube growth in the middle third of the style (de Nettancourt, 1977) . As the commercial part of the almond fruit is a seed, both adequate pollination and effi cient ovule fertilization are required for acceptable crops. However, obligate cross-pollination creates many management and production problems in almond and are being solved by the development of new self-compatible cultivars in most almond breeding programs (Socias i Company, 1990) . Selfcompatibility in almond is due to the presence of a S f allele (Socias i Company and Felipe, 1988) . This allele seems to function as a stylar part mutant because the product coded by it in the style lacks ribonuclase activity (Bošković et al., 1999) .
Pollination effi ciency in self-compatible genotypes implies a similar pollen tube growth rate both for self-and cross-pollination (Socias i . However, some pollination trials have shown discrepancies in the growth of the two types of pollen (Ben Njima and Socias i Company, 1995) , although the only explanation given has been a differential level of self-compatibility expression in some genotypes.
ʻFerragnèsʼ and ʻFerraliseʼ are two cross-incompatible almond cultivars originating from the French breeding program (Grasselly and Crossa-Raynaud, 1980) . Their cross-incompatibility has been explained by the fact that they share common S alleles, S 1 S 3 , which are identical by descent . Thus, their compatibility behavior when pollinated by the same pollen or when being used as pollinators for the same cultivar would be expected to be identical (Socias i Company and Felipe, 1994) . However, transmission of self-compatibility to the offspring of these two cultivars when pollinated by ʻTuonoʼ has shown to be very different . ʻTuonoʼ is a self-compatible cultivar with S 1 S f genotype , thus sharing one allele with these two cultivars probably identical by descent because the S 1 allele of ʻFerragnèsʼ and ʻFerraliseʼ has been inherited from ʻCristomortoʼ, a cultivar which originated in the same Italian region of Puglia as ʻTuonoʼ.
The observations of Grasselly et al. (1985) were based on fruit sets of seedlings obtained from the different crosses, but their real genotype was unknown. Their genotype determination showed discrepancies between the genotype and the phenotype previously deduced from fruit set in some seedlings (Duval et al., 2001) .
ʻFerraliseʼ is an inbred almond cultivar (Lansari et al., 1994) , as coming from the cross of two full sibs, ʻFerragnèsʼ and ʻFer-raduelʼ. Inbreeding symptoms have appeared in several almond progenies, expressed as a general reduction of vigour (Grasselly and Olivier, 1988) . This fi tness reduction might also affect pollen tube growth. Thus, our objective was to assess the phenotypic expression of self-compatibility through the level of pollen tube growth in all the possible progenies from the crosses of the selfcompatible cultivar ʻTuonoʼ by ʻFerraliseʼ as well as by ʻFerragnèsʼ, in order to ascertain the possible differential effect of ʻFerraliseʼ in the expression of self-compatibility in its offspring.
Materials and Methods

PLANT MATERIAL.
A total amount of 169 seedlings from four progenies obtained from the crosses of ʻTuonoʼ (S 1 S f genotype) by ʻFerragnèsʼ and ʻFerraliseʼ (S 1 S 3 ) and their reciprocals were studied ( Table 1 ). The progenies belong to the almond breeding program of the Unidad de Fruticultura from the Centro de Investigación y Tecnología Agroalimentaria de Aragón (CITA) aiming to obtain new self-compatible and late-blooming cultivars. The genotype of each seedling had been previously determined by the analysis of their stylar S-RNases (Bošković et al., 1997) and by the partial amplifi cation of the S-genes by PCR (Channuntapitat et al., 2001 (Channuntapitat et al., , 2003 .
PHENOTYPE DETERMINATION BY POLLEN TUBE GROWTH. Throughout blooming of the years 1998-2003, depending on the availability of buds and time, each seedling was studied during three years. A minimum of 20 fl ower buds at stage D (Felipe, 1977) , just before fl ower opening, were collected from every progeny seedling, emasculated in the laboratory and placed in a tray with a semi-rigid plastic mesh allowing the contact of the fl ower peduncles with the tray water to prevent dehydration. At the same time the anthers were removed from the emasculated fl owers and allowed to dry for 48 h, and their pollen was used to self-pollinate the pistils in the tray. This method of pollen tube growth study has been shown to maintain the compatibility relationships of each cross tested (Socias i Company, 2001 ). The samples were collected 96 h after pollination, time enough for the compatible pollen tubes to reach the style base at laboratory temperature (Socias i Company et al., 1976) , autoclaved for 20 min at a pressure of 1.2 kg·cm -2 in a small glass bottle containing 5 mL of 5% solution of Na 2 SO 3 and maintained at 4 °C until observation.
For microscopic observation, a minimum of 12 pistils were prepared by dissecting the pistils and leaving only the transmitting tissue through which pollen tubes grow and by removing the ovary. Pollen tube growth was assessed in an UV fl uorescence Leitz Ortholux II microscope (Leitz, Wetzler, Germany) with illumination from an Osram HBO 200 W/4 mercury lamp (Osram GmbH, Munich, Germany), by fl uorescence of the callose deposits of the pollen tubes by staining with a solution of 0.1% aniline blue in 0.1 N potassium phosphate after squashing the pistils (Linskens and Esser, 1957) .
The percentage of pistils showing self-pollen tubes at the style base and the mean number of self-pollen tubes at the style base were recorded in each seedling with data of at least 3 years. These values were used for phenotype determination because they have shown to be good criteria to differentiate the phenotypes and classify them following a defi ned criterion, as Bertin (1993) has shown when reviewing angiosperm self-fertilization. When more than 50% of pistils showed self-pollen tubes at the style base, the plant was considered to be self-compatible. When this percentage was higher than 75%, the plant was considered to be highly self-compatible. On the other hand, plants with <25% of pistils with self-pollen tubes at the style base were considered to be self-incompatible, although in most of the self-incompatible plants <5% of pistils showed pollen tubes at their base. The plants with a percentage of pistils between 25% and 50% of pistils with self-pollen tubes at the style base were classifi ed as of doubtful phenotype. Similarly, phenotypes were classifi ed according to the mean number of self pollen tubes observed at the style base. The ranges adopted were: no pollen tubes, less than one pollen tube, between one and three pollen tubes, and more than three pollen tubes.
STATISTICAL ANALYSIS. Analysis of variance was applied to the combined results of all years of study (3 years for each seedling, or more in the case of doubtful phenotypes).
Results
POLLEN TUBE GROWTH AND PHENOTYPE.
Usually, pollen tubes stop their growth in the middle third of the style in self-incompatible genotypes, but they grow through the style and some reach the style base in the self-compatible ones to get into the ovary (Fig. 1) . However, although self-compatibility is a genetically qualitative trait in almond (Socias i Company, 1998), its expression has been shown to be variable and dependent on the genotype (Socias i . As a consequence, quantifi cation of self-compatibility expression requires several years of data on selfi ng behavior.
The microscopic observation of self-pollen tube growth showed its high variability among the seedlings of these segregant progenies and allowed the phenotypic classifi cation of seedlings whose genotype was already known (Table 1) . As a whole, the self-compatible genotypes with ʻFerragnèsʼ parentage had a signifi cant higher percentage of pistils with pollen tubes at the style base (78.15% vs. 64.41%) and a signifi cant higher number of pollen tubes at their base (3.51 vs. 2.43) than self-compatible seedlings with ʻFerraliseʼ parentage. These differences are mainly due to the results obtained in the progenies in which ʻTuonoʼ was the male parent, where the differences were also signifi cant, whereas in the progenies in which ʻTuonoʼ was the female parent the differences were not signifi cant, probably due to the low number of seedlings available.
The differences in the percentage of pistils and in the mean number of pollen tubes were not signifi cant in the self-incompatible genotypes, with 6.16% of pistils and 0.08 pollen tubes for ʻFerragnèsʼ seedlings compared to 5.76% of pistils and 0.16 pollen tubes for ʻFerraliseʼ seedlings. In addition, the presence of these self-pollen tubes at the style base is merely accidental and, when it occurs, only a single weak pollen tube is observed.
The phenotype distribution was expected to be similar in the progenies of ʻFerragnèsʼ and ʻFerraliseʼ because of their identical S alleles. However, according to the percentage of pistils (Table  2) , the combined percentage of seedlings with self-compatible and highly self-compatible phenotype observed in the progeny ʻTuonoʼ x ʻFerragnèsʼ was higher than in the progeny ʻTuonoʼ x ʻFerraliseʼ (60.6% vs. 14.3%). When phenotypic self-compatibility was assessed according to the mean number of self-pollen tubes at the style base (Table  3) , a similar percentage of the self-incompatible genotypes (S 1 S 3 ) from the crosses ʻTuonoʼ x ʻFerragnèsʼ (61.5%) and ʻTuonoʼ x ʻFerraliseʼ (60.0%) did not show any pollen tubes at the style base, whereas the rest were doubtful with a mean lower than one pollen tube per pistil.
On the other hand (Table 3) , more than 60% of the self-compatible genotypes (S f S _ ) with ʻFerragnèsʼ parentage showed more than three self-pollen tubes at the style base per style (60.0% in ʻTuonoʼ x ʻFerragnèsʼ and 62.1% in ʻFerragnèsʼ x ʻTuonoʼ), whereas in those with ʻFerraliseʼ parentage this proportion was only of 33% (33.3% in ʻTuonoʼ x ʻFerraliseʼ and 33.7% in ʻFer-raliseʼ x ʻTuonoʼ).
There was an agreement between the two criteria of phenotype classifi cation: the plants classifi ed as self-compatible according to the percentage of pistils with pollen tubes at their base showed more than one pollen tube at the style base and the highly selfcompatible plants according to the fi rst criterion showed in most of the cases more than three pollen tubes at the style base.
EXISTENCE OF SEEDLINGS WITH THE S f ALLELE AND A SELF-INCOM-PATIBLE PHENOTYPE.
The S genotype of each seedling was already known, with a full agreement between the genotypes deduced by the stylar S-RNase analysis and by the partial amplifi cation of the S-genes by PCR (data not shown). However, some seedlings possessing the S f allele and, therefore, supposedly self-compatible, showed the inability of their pollen tubes to reach the ovary in all cases. These plants, showing a physiologic self-incompatibility and a genetic self-compatibility, are all seedlings of ʻFerraliseʼ, while in all seedlings of ʻFerragnèsʼ there was a full agreement between the S f allele presence determined by PCR analysis and a self-compatible phenotype. The plants whose phenotype according to the percentage of pistils with self-pollen tubes at the style base (Table 2) was not in agreement with their S genotype amounted to 50.0% of the ʻTuonoʼ x ʻFerraliseʼ progeny with S 3 S f genotype (three seedlings), and to 11.9% with S 3 S f genotype (fi ve seedlings) and to 6.8% with S 1 S f genotype (three seedlings) in the ʻFerraliseʼ x ʻTuonoʼ progeny. In this last family, where all the seedlings were expected to show a self-compatible phenotype, 9.3% of them showed a clear self-incompatible phenotype whereas in the ʻFerragnèsʼ x ʻTuonoʼ progeny, all seedlings were clearly self-compatible. In addition, the self-compatible genotypes showing a self-incompatible phenotype are characterized by showing a mean number of self-pollen tubes at the style base lower than one. Also, 11.6% of ʻFerraliseʼ x ʻTuonoʼ progeny showed a doubtful phenotype, whereas in ʻFerragnèsʼ x ʻTuonoʼ progeny this percentage was only of 3.4%. Table 1 . Comparison, between the offspring of two self-incompatible parents in almond, of the mean number of pollen tubes at the style base and the percentage of pistils with pollen tubes at their bases, by genotype.
Discussion
QUALITY OF SELF-COMPATIBILITY.
The observation of the pollen tube growth after self-pollination allows not only the differentiation of the self-compatible plants and the determination of the phenotype frequencies, but also the establishment of the quality of the self-compatibility expression and the possible interest of each plant of the breeding program for this trait. Although ovule fertilization may take place with a single pollen tube entering the ovary , in some cases pollen tube growth becomes chaotic before or after the obturator, resulting in the failed fertilization of the primary ovule and subsequent fruit abortion (Cousin and El Maataoui, 1998) . Consequently, the probability of a successful fertilization increases with a high number of pollen tubes reaching the style base.
Self-compatibility level has an agronomic implication, since the percentage of pistils with pollen tubes at their style base, the number of pollen tubes reaching the ovary, and the homogeneity of these data, may be used as selection criteria in an almond breeding program for self-compatibility, as all these traits would induce a higher initial fruit set and, consequently, a better yield level. In the ensemble of crosses, ʻFerragnèsʼ seedlings had more pollen tubes at the style base than ʻFerraliseʼ seedlings, and this behavior may have a genetic basis because the same behavior was observed in pollinations carried out with ʻTuonoʼ, ʻFerragnèsʼ, and ʻFerraliseʼ (Socias i , and may be due to lower vigor in the pistil and the pollen of the ʻFerraliseʼ seedlings due to inbreeding transmitted by this cultivar.
It has been possible to identify some phenotypes showing very high self-compatibility judged by the percentage of pistils with pollen tubes and the number of pollen tubes, thus showing a special interest in the breeding program because almond requires a very high initial fruit set in order to obtain acceptable yields due to the small size of the fruit (Godini, 2002; Kester and Griggs, 1959) .
PARENTAL EFFECT ON SELF-COMPATIBILITY EXPRESSION. In progenies where ʻTuonoʼ was the female parent, and therefore segregating for self-compatibility, opposite phenotypic proportions were obtained between the two pollen parents: in the family ʻTuonoʼ x ʻFerragnèsʼ the number of self-compatible phenotypes was slightly higher than the number of self-incompatible ones, as Socias i Company and Felipe (1988) and Dicenta and García (1993) had observed in two other ʻTuonoʼ x ʻFerragnèsʼ progenies, whereas in the family ʻTuonoʼ x ʻFerraliseʼ the number of self-compatible phenotypes was about 15% of the progeny. Seedlings with self-incompatible phenotype and self-compatible genotype only appeared in the ʻFerraliseʼ offspring, agreeing with the observations of Grasselly (1985) .
When comparing the results of the phenotypic observations with the S genotype of each individual, it was found that the presence of the S f allele did not necessarily imply a self-compatible phenotype. This was the case in some seedlings deriving from ʻFerraliseʼ, but not in any seedlings deriving from ʻFerragnèsʼ. About one-tenth of the seedlings from the family ʻFerraliseʼ x ʻTuonoʼ, where all genotypes included the S f allele, showed a sound physiological self-incompatible phenotype during all years of observation, a disagreement never previously reported. This discrepancy between genotype and phenotype is also manifested in some seedlings from the reciprocal cross, where genotypic segregation was expected.
BREEDING CONCLUSIONS. Although the reduction in the number of pollen tubes in the style in many species may be due to morphological and biochemical factors (Hormaza and Herrero, 1996; Sedgley, 1976) , and pistil response to pollination may not be only genetically controlled (Ortega et al., 2002) , the physiological self-incompatibility observed in some of these inbred seedlings may be due to another type of control, namely inbreeding. Inbreeding is a genetic particularity affecting both the morphology and biochemistry of the affected genotypes and representing a particular problem in almond, a species very sensitive to inbreeding and whose genetic pool has been gradually reduced. The utilization of unrelated heterozygous self-compatible parents in the breeding programs has been suggested to obtain homozygous self-compatible genotypes, thus obviating the problems raised by inbreeding in almond (Ortega and Dicenta, 2003) .
The self-incompatible phenotype observed in ʻFerraliseʼ seedlings possessing the S f allele is a clear example of the importance of assessing the phenotype of each individual by the observation of pollen tube growth after selfi ng in order to know the quality of its self-compatibility. The single knowledge of the genotype is not enough to rate a plant as self-compatible or self-incompatible.
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